Abstract Angiostrongylus costaricensis can infect several mollusks, and its migration route in intermediate hosts has been studied only in Sarasinula marginata. To verify the susceptibility of Omalonyx sp. as an intermediate host of A. costaricensis and to analyze the nematode migration route, individuals were infected with stage 1 larvae. Obtained stage 3 larvae were orally inoculated in mice, and after 30 days, adult worms and stage 1 larvae were recovered, demonstrating Omalonyx susceptibility and suitability to infection. To define the parasite migration routes,
Introduction
Studies on different aspects of the nematode Angiostrongylus costaricensis Morera and Céspedes 1971 infection in mollusk have been carried out by several investigators (Morera and Ash 1971; Conejo and Morera 1988; Thiengo 1996; Rambo et al. 1997; Bonetti and Graeff-Teixeira 1998; Mendonça et al. 1999 Mendonça et al. , 2003 Banevicius et al. 2006) . Mollusks from the Veronicellidae family are the main intermediate hosts in endemic areas in Costa Rica (Morera and Ash 1971) , Ecuador (Morera et al. 1983) , Honduras (Kaminsky et al. 1987) , Nicaragua (Duarte et al. 1992) , and Brazil (Graeff-Teixeira et al. 1989; Rambo et al. 1997; Bonetti and Graeff-Teixeira 1998; Laitano et al. 2001 ). However, several species belonging to other Pulmonata families were also found naturally infected (Graeff-Teixeira et al. 1993; Rambo et al. 1997) , besides the families that were shown as potential hosts in experimental trials (Ubelaker et al. 1980; Lima et al. 1992) . Although the parasite lifecycle may occur in several mollusks, its migration route was described only in Sarasinula marginata (Pulmonata: Soleolifera: Veronicellidae), due to the epidemiological importance of this family (Mendonça et al. 1999) . Therefore, the host cellular reaction patterns, the migration routes, characteristics of larval maturation, and elimination sites in mollusks of other families are unknown.
Mollusks of the genus Omalonyx (Pulmonata: Stylommatophora: Succineidae) are terrestrial and live in vegetation emerging from freshwater flows (Barker 2001) . They are present in several regions in the Caribbean and Central and South Americas (Patterson 1971; Tillier 1981) . Malacological surveys on such mollusks are impaired due to their color pattern (camouflage), leading to an underestimated distribution. Even so, many specimens were collected in water flows, with different degrees of anthropic impact, as well as in vegetables from commercial stores. Economical and epidemiological implications of the presence of mollusks in vegetable-garden have been reported by Chiaradia et al. (2004) . These places provide shelter, humidity, and food for mollusk survival and reproduction (South 1992) , explaining the presence of several genera, including Omalonyx, in these special ecological sites.
Considering the coincident geographical distribution of A. costaricensis and mollusks of the genus Omalonyx in some regions of South America, the present investigation aimed at evaluating the susceptibility and suitability of Omalonyx as an intermediate host, the characteristics of its perilarval reactions, and the migration routes followed by the larvae during the maturation process from L1 to L3.
Materials and methods

Intermediate host
Specimens of Omalonyx sp., raised under laboratory conditions, from parental specimens were obtained from an ecological reserve (Reserva Particular do Patrimônio Nacional Feliciano Miguel Abdala) located in the county Caratinga, state of Minas Gerais, Brazil (19°43′55″ S-41°49′03″ W).
Parasites
A. costaricensis L1 were obtained from a cycle kept at the Pathology Department of Instituto Oswaldo Cruz (FIOCRUZ), through successive passages in slugs (S. marginata) and rodents (Sigmodon hispidus).
Mollusk infection
The feces of infected S. hispidus were collected and placed in a Baermann apparatus to separate the decanted L1 (Willcox and Coura 1989) . After 2 days of fasting, mollusks were individually fed with a fragment of lettuce covered with healthy mice feces and a concentrate of 1,200 L1 (Morera 1973 ).
Mice infection
To verify whether L3 from Omalonyx sp. (20 days of infection) were infective, ten specimens were cleaved and digested for 2 h at 37°C according to Wallace and Rosen's (1969) procedure. The infectious larvae were inoculated in Swiss Webster mice by a gastric probe. Each mouse was infected with seven to ten L3. After 30 days of infection, ten animals were submitted to euthanasia by ether inhalation in accordance with the animal ethical practice. Adult worms were searched in mesenteric and portal-hepatic circulation.
Histological study of infected Omalonyx
The study was performed at 30 min, 1 h, 2 h, 4 h, 6 h, and 8 h and on 2, 5, 10, 12, 15, 20, 21, 25, 28 , and 30 days (one specimen each). The whole snails were fixed in Carson' modified Millonig's phosphate-buffered formalin (Carson et al. 1973 ) and embedded in paraffin. Serial sections (5 μm) were consecutively (one out of six slides) stained in hematoxylin and eosin. Sections were analyzed under bright-field microscopy (Olympus CH30), and images were captured with an analogical camera PM-C35B, exposimeter PM-PBK3, and negative Kodak Pro Image 100 ASA.
The results obtained were compared with those described for S. marginata (Mendonça et al. 1999 (Mendonça et al. , 2003 .
Results
Recovery of adult worms in mice
After 30 days of infection, mature male and female adult worms were recovered from mesenteric arteries ( Fig. 1, 1 ). The maturity of the worms was confirmed by microscopic analysis and by L1 detection in the feces by Baermann procedure.
Histological study of infected Omalonyx Oral infection
Larvae were found in the lumen of digestive tract ( Fig. 1, 2 ) at 30 min and 1, 2, 4, 6, and 8 h of infection. At 6 h, a significant reduction in the number of larvae was detected, decreasing even more at 8 h. After 2 days, larvae disappeared from the digestive tract lumen. After 30 min and 1, 2, and 4 h, larvae were seen in contact with the superficial layer of mucosa epithelium (Fig. 1, 3 ), crossing the epithelium (Fig. 1, 4 ) and basal membrane, and reaching the subepithelial connective tissue (Fig. 1, 5 ). Larvae penetrated randomly in any segment of the digestive tract, with no preferential site. Some larvae migrated to the digestive gland through its duct (Fig. 1, 6 , 7, and 8).
Cutaneous infection
Several larvae were found penetrating the tegument at 30 min of infection, causing dissociation of epithelial cells (Fig. 2, 9 ). At 30 min, a large number of larvae were found in the foot (Fig. 2, 10 ) and in the ventral region of the animal. From 30 min to 30 days of infection, larvae were mainly located in the fibromuscular tissue, into and next to the mucous glands, surrounded or not by pregranulomatous reaction (Fig. 2, 11, 12, 13, and 14) . From 30 min up to 8 h, free larvae were found in the sinuses and vessels of the circulatory system (Fig. 2, 15 ). Occasionally, some of these larvae were retained by cellular reaction in the circulatory system, until the most advanced times of infection (15 to 30 days; Figs. 2, 16 and 3, 17) .
The distribution of the larvae during the development of A. costaricensis infection in Omalonyx sp. is shown in Table 1 . Fig. 1 1, A 
Perilarval reaction
After 4 h of infection, an initial hemocyte response was observed close to some L1 (Fig. 3, 18 ). In the course of infection, coinciding with L2 development, hemocytes became more numerous and more organized mainly in the concave surface of the larvae (Fig. 3, 19 and 20) . After L3 emergence, there was a significant reduction in the intensity Scale bar=40 μm. 10, L1 (arrow) in the foot (asterisk) of Omalonyx sp., close to secretory glands. The larva is surrounded by empty space (protease secretion? 30 min of infection). Hematoxylin-eosin. Scale bar=40 μm. 11, Several L1 in the fibromuscular layer of Omalonyx sp. surrounded by pregranulomatous hemocyte reaction (2 days of infection). Hematoxylin-eosin. Scale bar=112 μm. 12, Typical hemocyte granuloma in the fibromuscular tissue of Omalonyx sp., presenting fibroblast-like cells (hemocytes) in the peripheral region (arrow), adjacent to a larva with a limited or scarce perilarval hemocyte reaction (arrowhead; 20 days of infection). Hematoxylin-eosin. Scale bar=50 μm. 13, L3 in the fibromuscular tissue of Omalonyx sp. with hypertrophic hemocytes forming an aggregate in its concave surface (arrow; 30 days of infection). Hematoxylin-eosin. Scale bar=32 μm. 14, Twisted L3 (arrow) close to a mucous gland in the fibromuscular layer (asterisk) of Omalonyx sp. (30 days of infection). Hematoxylineosin. Scale bar=40 μm. 15, Larvae (arrow) in a lung hemolymphatic vessel (asterisk) of Omalonyx sp. (8 h of infection). Hematoxylin-eosin. Scale bar=112 μm. 16, Granulomatous hemocyte reaction retaining larvae inside a hemolymphatic vessel (arrow) of Omalonyx sp. (15 days of infection). Hematoxylin-eosin. Scale bar=225 μm of hemocyte response, sometimes presenting isolate parasites with no surrounding cells (Fig. 2, 14) .
Discussion
This investigation showed that the pulmonate mollusk Omalonyx sp. (Stylommatophora: Succineidae) is susceptible and suitable to A. costaricensis oral and cutaneous infections and presents hemocyte reaction to the larvae that varies in intensity according to the larval stage.
The susceptibility of this mollusk to A. costaricensis infection was confirmed by L3 infection in Swiss Webster mice, resulting in adult worms recovered in mesenteric arteries and L1 release in the feces, indicating the Omalonyx potential as a natural host for A. costaricensis. Succineid snails, including the genus Omalonyx, are known to be intermediate hosts of trematodes of the family Leucochloridiidae (Lutz 1921; Casey et al. 2003) .
The histological analysis showed concomitant occurrence of oral and cutaneous infections (Figs. 1, 2 and 2, 9) as was also observed in S. marginata. After oral infection, L1 penetration in the digestive tract wall followed some clear steps: 1-adhesion to epithelium surface ( Fig. 1: 3) , 2-transepithelial migration until basal membrane (Fig. 1,  4) , and 3-basal membrane transposition and invasion of connective subepithelial tissue (Fig. 1, 5 ). These steps were firstly described in S. marginata (Mendonça et al. 1999) , where, as in the present study, L1 penetrated the gastrointestinal wall without evidence of segmental preference. This penetration steps were also reported with L3 in the intestine of the definitive host by Mota and Lenzi (2005) , showing that A. costaricensis uses similar strategies in very distinct hosts (vertebrates and invertebrates).
Cutaneous infection was clearly evidenced by the detection of L1 penetrating into the tegument after 30 min of infection (Fig. 2, 9 ) and by the presence of L1 in the superficial region of the fibromuscular tissue soon after 30 min of infection (Fig. 2, 10) . In S. marginata, in addition to direct penetration in the tegument, L1 also penetrated through characteristic excretory ducts that drain the mucous of several secretory cells deeply located in the fibromuscular tissue (Mendonça et al. 1999 ). However, Omalonyx sp. tegument glands are unicellular, and larvae penetrate only through the surface epithelium (Fig. 2, 9) .
Metastrongyloidea infection in mollusk intermediate hosts occurs through direct penetration in the tegument, by ingestion, or even by a combination of both mechanisms (Hobmaier and Hobmaier 1934; Cheng and Alicata 1965; Richards and Merritt 1967) . The penetration process probably depends on proteases secretion, instead of the interaction between ligands in the larvae, and receptors in the epithelium from the tegument or from the digestive tract. This mechanism can explain the promiscuity of A. , showing cell migration to the concave surface of the larvae (arrow; 5 days of infection). Hematoxylin-eosin. Scale bar=40 μm. 20, Pregranulomatous reaction (arrow) around transitional L2 (asterisk), with activated hemocytes most of them concentrated in the concave face of the larvae (arrow; 12 days of infection). Hematoxylin-eosin. Scale bar=40 μm costaricensis in relation to the infection of invertebrate and vertebrate hosts. Proteases act as spreading factors or operate in extracorporeal digestion (Lee 1965) .
Oral infection by A. costaricensis in mollusks was first described by Morera (1973) . Thiengo (1996) , using the S. marginata/A. costaricensis model, showed simultaneous occurrence of cutaneous and oral infections, through histological sections. Both ways were confirmed by Mendonça et al. (1999) in an experimental infection of S. marginata and now in this work with Omalonyx sp.
During the migration process, after the penetration step, larvae can be retained in some places, mainly in the fibromuscular tissue, by hemocyte reactions, or they spread all over the organism through the circulation, following the vascular and sinuses distributive anatomical patterns. Pulmonate circulatory system comprises the heart, within the pericardium, with one auricle (receiving blood from the pulmonary vein) and one ventricle (releasing blood through the aorta). The aorta is divided in two principal branches whose ramifications carry on blood to the viscera (posterior aorta) and head-foot region (anterior aorta). Due to the absence of a capillary system, blood in the viscera and the fibromuscular layer circulates in pseudovascular spaces of connective tissue (sinuses). In its return, blood (hemolymph) is retained in three great spaces, cephalopodal, visceral, and subrenal sinuses, from which it is pumped to the pulmonary wall and reoxygenated, crossing the renal and pulmonary veins and finally reaching the heart (Paraense 1973) .
Larvae penetrating the host's tegument either remain in fibromuscular tissue or invade hemolymphatic sinuses, which are abundant in this tissue, acquiring a spongy aspect. Ingested larvae could also reach the hemocoel, after the digestive tract transposition, from where they can access the circulatory system and other organs (Figs. 2, 15, 16 and 3, 17) . The presence of a large amount of larvae in the kidneys and in the mantle cavity expresses the importance of such structures in the circulatory system.
Intense hemolymphatic vascularization favors the presence of a large number of larvae in fibromuscular tissue (Fig. 2, 11 , 12, and 13). Larvae distribution throughout several organs and sites (Table 1) is also related to vascular or ductal systems. For instance, larvae initially located in the digestive tract lumen may migrate to the digestive gland through its duct (Fig. 1, 6 and 7), which communicates with the posterior portion of the stomach (Paraense 1972) . In this case, the parasite could either remain in the digestive gland or invade the hemocoel.
In S. marginata (Mendonça et al. 1999 (Mendonça et al. , 2003 , larvae clearly predominated in fibromuscular tissue, the circulatory system, and kidneys, with occasional invasions of other organs, as was also verified here with Omalonyx sp. Thus, in both species, the migration route is related to the 
circulatory system pathways. A general scheme of larvae migration pathways is depicted in Fig. 4 . Studies using different populations/strains of Biomphalaria and Schistosoma mansoni reported the variability in host responses, according to their geographical origin and species (Newton 1952; Guaraldo et al. 1981; Godoy et al. 1997; Borges et al. 1998) .
Both mollusk species, Omalonyx sp. and S. marginata, exhibit perilarval hemocyte reaction; however, in Omalonyx sp., the reaction varied, being stronger around L2 (8 to 13 days after infection; Fig. 3, 19 and 20) than in L3 (Fig. 2,  14) . In S. marginata, even on the 30th day of infection, the perilarval reaction remains strong. The low or null reaction to L3 in Omalonyx sp. probably favors L3 spontaneous displacement through the tissues and its direct elimination to the exterior, without the granulomatous hemocyte reaction interference as described in Veronicellidae (Conejo and Morera 1988; Mendonça et al. 2003) . The local preference of hemocytes to the concave side of L2 is probably due to more accumulation of larval products in this area.
Literature devoted to parasite/mollusk interactions is mostly related to trematodes, lacking information on nematodes. Studies comparing the morphological aspects of the hemocyte reaction to A. costaricensis infection in different species of mollusks could contribute to better understanding of the innate immune system in invertebrates. Federal de Minas Gerais, Belo Horizonte, MG) for drawing Fig. 4 . Photography was by Lângia C. Montresor. This experiment complies with the current laws of Brazil. Fig. 4 Scheme of A. costaricensis larval migration route in Omalonyx sp. (arrow). Probable pathways were also indicated (arrow with broken lines and question mark)
